Streptococcus agalactiae is a frequent cause of bacterial sepsis and meningitis in neonates. During the course of infection, S. agalactiae colonizes and invades a number of host compartments, thereby interacting with different host tissues. Deletion of the fbsA gene, encoding the fibrinogen protein FbsA, significantly impaired the adherence and invasion of human brain microvascular endothelial cells (HBMEC) by S. agalactiae. The adherence and invasiveness of an fbsA deletion mutant were restored by reintroducing the fbsA gene on an expression vector. Heterologous expression of fbsA in Lactococcus lactis enabled this bacterium to adhere to but not to invade HBMEC, suggesting that FbsA is a streptococcal adhesin. Finally, host cell adherence and invasion were significantly blocked in competition experiments with either purified FbsA fusion protein or a monoclonal antibody directed against the fibrinogen-binding epitope of FbsA. The S. agalactiae fbsA mutant induced a release of the neutrophil chemoattractant interleukin-8 (IL-8) equal to that induced by the wild type. Taken together, our studies demonstrate that FbsA promotes the adherence of S. agalactiae to HBMEC but that FbsA neither mediates the bacterial invasion into host cells nor plays a role in IL-8 release for HBMEC.
Streptococcus agalactiae, also called group B streptococcus (GBS), is the leading cause of bacterial sepsis and meningitis in neonates in many industrialized countries (2) . In addition, it causes substantial pregnancy-related morbidity and has emerged as an increasingly common cause of invasive disease in the elderly and in immunocompromised persons (35) . In the pathogenesis of meningitis, blood-borne pathogens must interact with cerebral endothelial cells which constitute the bloodbrain barrier (BBB); subsequent bacterial replication within the central nervous system (CNS) provokes the host inflammatory response, resulting in meningitis.
While in vitro and in vivo models have been informative about the pathogenesis of bacterial meningitis and CNS factors that contribute to inflammation and brain injury, little is known about the contribution of specific virulence factors of the invading pathogens at the BBB endothelium. Like many other pathogens, GBS can attach to host cell surfaces by binding to different host cell proteins. Binding of GBS to human laminin is mediated by the lipoprotein Lmb (laminin-binding protein), which has been studied at the molecular level (28) . Although GBS does not bind soluble fibronectin on its surface (4), adherence of the bacterium to immobilized fibronectin has been demonstrated (32) . In a recent study, Beckmann et al. (3) identified C5a peptidase (from GBS) as a mediator of bacterial binding to fibronectin. In addition, fibronectin binding of GBS has been shown to mediate bacterial invasion into host epithelial cells (5) . Fibrinogen binding in GBS is mediated by the proteins FbsA and FbsB (14, 26) . On the amino acid level, the fibrinogen-binding proteins FbsA and FbsB are unrelated, but both have surface-exposed localization in the cell wall of the bacterium. The FbsB protein was shown to bind to human fibrinogen by its N-terminal 388 amino acids (14) , whereas the FbsA protein interacts with fibrinogen by repetitive units, each 16 amino acids in length. Even a single repeat of FbsA was demonstrated to bind to human fibrinogen. Epidemiological studies revealed significant variation in the number of repeats in the FbsA protein between various S. agalactiae strains (35) . Human brain microvascular endothelial cells (HBMEC) have been used previously to study the pathogenesis of CNS infections by meningitis pathogens such as Escherichia coli, Citrobacter spp., Streptococcus pneumoniae, Staphylococcus aureus, and GBS (1, 19, 21, 25, 31, 36) . The HBMEC used in this study were isolated from a brain biopsy specimen from an adult female with epilepsy by methods previously described (29, 30) . HBMEC were thawed and cultured in medium supplemented with 10% heat-inactivated fetal calf serum and 10% NuSerum (Becton Dickinson, Bedford, Mass.). Thereafter, cells were cultured in RPMI medium supplemented with 5% fetal calf serum in culture flasks (Costar, Cambridge, Mass.) and split weekly in 1:10 ratios by using trypsin-EDTA (Gibco, Grand Island, N.Y).
Adherence of GBS to HBMEC and their invasion into HBMEC were assayed essentially as described previously, with minor modifications (19, 22) . In brief, for adherence and invasion assays, HBMEC were transferred to 12-well tissue culture plates at a seeding density of 5 ϫ 10 5 cells per well and cultivated in RPMI tissue culture medium until confluence was reached. The medium was subsequently replaced with 2 ml of fresh RPMI medium each day. For all infection assays, we used S. agalactiae wild-type strain 6313, a serotype III strain, which is a clinical isolate from an infected neonate (34) . The fbsA gene was deleted from the chromosome of S. agalactiae strain 6313 as previously described by Schubert et al. (26) . S. agalactiae strains were cultivated at 37°C in Todd-Hewitt yeast broth containing 1% yeast extract. The recombinant S. agalactiae clone carrying plasmid pOri23 was selected with erythromycin (5 g/ml). The construction of plasmid pOrifbsA has been described previously (27) . Lactococcus lactis strain MG1363 was used for heterologous fbsA gene expression as described by Schubert et al. (26) and was grown at 30°C in M17 medium (Oxoid, Basingstoke, United Kingdom) supplemented with 0.5% glucose. The L. lactis strain carrying the pOri23 derivative was selected with erythromycin (5 g/ml). For adherence assays, the HBMEC were infected with log-phase GBS at multiplicities of infection (MOIs) of 1:1, 10:1, and 100:1 (ϳ5 ϫ 10 5 , 5 ϫ 10 6 , and 5 ϫ 10 7 bacteria; 5 ϫ 10 5 cells per well) in RPMI tissue culture medium for 2 h at 37°C in 5% CO 2 . The HBMEC were washed three times with phosphate-buffered saline (PBS) and subsequently detached from the well by sonication. The number of cell-adherent bacteria was determined by plating appropriate dilutions of the lysate onto blood agar plates. Due to the lysis of the eukaryotic cells in this process, the calculation of cell-adherent bacteria also included bacteria that had invaded the host cells. Therefore, the number of invaded bacteria was subtracted from the apparent number of cell-adherent bacteria to calculate the actual number of adherent bacteria. For invasion assays, the HBMEC were also infected with log-phase GBS at MOIs of 1:1, 10:1, and 100:1. Streptococci were incubated for 2 h at 37°C in 5% CO 2 and washed three times with PBS. Subsequently, the infected cells were incubated for 2 h in tissue culture medium supplemented with penicillin G (5 g/ml) and gentamicin (100 g/ml) to kill extracellular bacteria. After three washes with PBS, the HBMEC were detached by sonication. The number of invasive bacteria was quantified by plating serial dilutions of the lysate onto blood agar plates. Each experiment was performed at least three separate times, each time in triplicate. The fbsA mutant grew as well as the wild type in tissue culture medium and showed no increased susceptibility to the antibiotics gentamicin and penicillin. The fbsA mutant also revealed no difference from the wild type in its sensitivity to sonication or in its buoyancy or chain length.
As depicted in Fig. 1 , the tested strains revealed a concentration-dependent adherence to and invasion of HBMEC. The adherence to as well as the invasion of HBMEC by strain 6313 ⌬fbsA was approximately 90% decreased (at MOIs 10 and 100), indicating that the fibrinogen-binding protein FbsA is involved in the adherence to and invasion of endothelial cells by S. agalactiae. The invasion index (determined by dividing the number of internalized bacteria by the total number of adherent bacteria and internalized bacteria) of GBS strain 6313 was not significantly different from that of its ⌬fbsA mutant (at an MOI of 10, strains 6313 and 6313 ⌬fbsA had indexes of 0.052 and 0.062, respectively; at an MOI of 100, strains 6313 and 6313 ⌬fbsA had indexes of 0.006 and 0.004, respectively).
S. agalactiae strains 6313(pOri23) and 6313 ⌬fbsA(pOri23) showed adherence and invasion rates comparable to those of their plasmid-free parental strains, demonstrating that the vector pOri23 does not influence the adherence and invasion properties of these strains. In contrast, plasmid-mediated expression of fbsA in strain 6313 ⌬fbsA(pOrifbsA) significantly increased its adherence to and invasion of HBMEC compared to that of strain 6313 ⌬fbsA(pOri23). Our findings therefore demonstrate that the reduced adherence to and invasion of HBMEC by the 6313 ⌬fbsA mutant is due to its fbsA deficiency and not to unrelated mutations in its chromosome. The adhesive and invasive efficiencies of 6313 ⌬fbsA(pOrifbsA) were almost equal to those of 6313(pOri23) (Fig. 2) .
To investigate whether S. agalactiae factors other than FbsA are required for the bacterial adherence to and invasion of host cells, plasmids pOri23 and pOrifbsA were introduced in L. exhibited little adherence to and no invasion of HBMEC, whereas L. lactis(pOrifbsA) showed significant adherence to HBMEC cells but no invasion into this cell line (Fig. 2) . Our results therefore suggest that FbsA promotes bacterial adherence to but not invasion of host cells.
To further analyze whether the fibrinogen-binding protein FbsA is directly involved in the adherence and invasion of HBMEC by S. agalactiae, competitive inhibition experiments with purified FbsA fusion protein were performed. Endothelial cells were incubated for 15 min in 10 l of PBS with different amounts of purified proteins as described previously (26) . Bacterial cells were then added in tissue culture medium, and the cells were then incubated at 37°C for 2 h in 5% CO 2 . The remainder of the experiments were carried out as described above. As shown in Fig. 3 , the FbsA fusion protein significantly interfered in a concentration-dependent manner with the adherence to and invasion of HBMEC by S. agalactiae strain 6313.
To better understand the interaction of FbsA with the host cell surface at the molecular level, we used monoclonal antibodies (MAbs) directed against different epitopes of the FbsA protein (20) . MAb 5H2 binds to the repeat region of FbsA, thereby blocking the fibrinogen binding of the FbsA protein. In contrast, MAb 2B1 binds to the repeat region of FbsA without interfering with the binding of FbsA to human fibrinogen. After preincubation of S. agalactiae 6313 with either of the two MAbs, the streptococcal host cell adherence and invasion were quantified in tissue culture experiments. As depicted in Fig. 4 , increasing concentrations of MAb 5H2 caused a dose-dependent inhibition of bacterial adherence and invasiveness. Preincubation of strain 6313 with 3.0 g of MAb 5H2 per ml strongly blocked the streptococcal adherence to and invasion of HBMEC. In contrast, preincubation of strain 6313 with up to 10 g of MAb 2B1 per ml did not influence its host cell adherence or invasion (data not shown). These findings indi- on September 27, 2016 by guest http://iai.asm.org/ cate that direct interaction of FbsA with host cell structures is crucial for the efficient adhesion and entry of S. agalactiae into host cells. Because neutrophilic infiltration is a hallmark of GBS meningitis, we hypothesized that exposure to GBS would trigger brain endothelial cells to release the neutrophil chemoattractant interleukin-8 (IL-8), which might differ between GBS strain 6313 and its ⌬fbsA mutant. For the IL-8 enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN), logphase GBS (MOI, 10) were added to HBMEC monolayers in six-well plates, which were then incubated for 2 and 4 h at 37°C in 5% CO 2 . Following the 2-or 4-h incubation period, the tissue culture medium was supplemented with penicillin G (5 g/ml) and gentamicin (100 g/ml) to kill extracellular bacteria. Monolayers were then incubated for a total period of 6 or 24 h. At the end of the exposure period, cell culture supernatants were collected, and bacteria were removed by centrifugation and stored at 4°C until IL-8 measurement. IL-8 from cell culture supernatants was measured by enzyme-linked immunosorbent assay, as described previously by Eckmann et al. (9) . IL-8 assays were performed three separate times, each time in triplicate.
Time-dependent IL-8 release by HBMEC could be detected by stimulation with both 6313 strains. However, no significant difference in IL-8 production could be detected between the 6313 strain and its ⌬fbsA mutant. Maximal IL-8 release was noted after an incubation period of 24 h (Fig. 5) .
In none of the experiments (adherence/invasion/cytokine assay) was any relevant cytotoxicity detected (data not shown). Cytotoxicity to HBMEC by GBS strains was determined by measuring the release of the intracellular enzyme lactate dehydrogenase (Roche, Mannheim, Germany) from HBMEC monolayers in a 96-well microtiter plate assay, as described previously (18) .
The pathogenesis of S. agalactiae meningitis involves the binding of the bacteria to pulmonary epithelium, the penetration of the lung mucosa, hematogenous spread, and entry into the cerebrospinal fluid by crossing the BBB. The exact route of entry into the cerebrospinal fluid and the molecular mechanisms of bacterial attachment to and invasion of the BBB are Several studies of experimental animal models of hematogenous meningitis have shown the distribution of S. agalactiae bacteria in the perivasculature of the subarachnoid space, suggesting that the site of bacterial entry into the CNS is the cerebral vasculature (11) . In the present study, we used endothelial cells from human brain capillaries, which have already been used for the study of different meningitis pathogens, including S. agalactiae (1, 12, 19, 22, (29) (30) (31) . Attachment of GBS to host cell receptors represents an important initial step in colonization and subsequent infection. However, the adhesins contributing to the binding of host cell and/or host extracellular-matrix molecules are poorly understood. Numerous studies have described the ability of clinical S. agalactiae isolates to interact with human fibrinogen (24) . In various in vitro models, S. agalactiae was shown to adhere to different epithelial and endothelial cells (5, 8, 19, 22) , but the molecular basis of this interaction is currently only poorly understood. Schubert et al. (26) identified in S. agalactiae a fibrinogen-binding protein, which was termed FbsA. In S. agalactiae, deletion of the fbsA gene results in the complete loss of fibrinogen-binding activity (26) . The transcriptional regulator RogB and the oligopeptide permease Opp from S. agalactiae were recently shown to control both the expression of the fbsA gene and the bacterial adherence to epithelial cells (13, 23) . These findings indicate a link between the fibrinogen-binding protein FbsA and the adherence of S. agalactiae to epithelial cells and endothelia. Recently, Schubert et al. demonstrated that FbsA promotes the adherence of S. agalactiae to A549 lung epithelial cells but that FbsA does not mediate the bacterial invasion into host cells (27) . The FbsA protein was therefore suggested to be the major fibrinogen-binding protein in S. agalactiae. Previous findings by Pietrocola et al. also indicate that FbsA is a crucial factor in S. agalactiae-induced platelet aggregation and may therefore play an important role in S. agalactiae-induced endocarditis (20) .
In the present study, different experimental approaches demonstrate that the fibrinogen-binding protein FbsA is able to promote the adherence to and invasion of HBMEC by S. agalactiae. Adherence of S. agalactiae to endothelial cells is an important step in its spread into different host compartments. Competition experiments and the analysis of fbsA deletion mutants indicate that FbsA might also play a role in the invasion of endothelial cells by S. agalactiae. However, adherence is often a prerequisite for the successful invasion of host cells (10) . In line with this, the adherence of the fbsA deletion mutants was reduced by the same order of magnitude as was the level of their host cell invasion. Similar results were obtained in the competition experiments with purified FbsA protein or MAb 5H2. Finally, plasmid-mediated fbsA expression allowed L. lactis to adhere to but not to enter endothelial cells. Thus, our findings suggest that FbsA does not promote the invasion of S. agalactiae into HBMEC. Therefore, FbsA is suggested to be the first adhesin identified in these bacteria (27) . Interestingly, the fibrinogen-binding protein FbsB was recently shown to mediate the invasion of S. agalactiae into epithelial cells (14) . Thus, fibrinogen-binding proteins obviously play a prominent role in both host cell adherence and invasion by S. agalactiae. S. pyogenes and S. aureus have also been shown to harbor several fibrinogen-binding proteins (6, 16, 17) . In S. pyogenes, M proteins are postulated to be the major fibrinogen-binding proteins (15, 33) , and in S. aureus, fibrinogen binding is mediated, dependent on the growth phase, by either ClfA or ClfB (17) .
In addition, we have demonstrated a GBS-dependent IL-8 activation in HBMEC. This signaling appears to be mediated largely by the bacterial ␤-hemolysin/cytolysin (␤-h/c) of GBS. Doran et al. (7) recently showed that GBS ␤-h/c promoted the release of IL-8 from human lung epithelial cells. Furthermore, infection with a GBS strain lacking ␤-h/c resulted in a marked reduction in expression of genes involved in the immune re- FIG. 5 . Changes in HBMEC IL-8 secretion after infection with wild-type GBS strain 6313 and its fbsA mutant (MOI, 10). Cell culture supernatants were assayed after 6 and 24 h, after initial incubation with GBS for 2 and 4 h. Data shown are means ϩ standard errors of the means of three independent experiments, each performed in triplicate. *, significantly different from value for uninfected HBMEC (P Ͻ 0.05) at each respective time.
sponse (including the IL-8 gene) of HBMEC (8) . Since GBS strain 6313 is strongly hemolytic, our data also suggest that hemolysin contributes to the development and severity of the GBS-induced inflammatory response in HBMEC, but the FbsA protein seems to play no role in this respect. Thus, we speculate that the net-effect proinflammatory properties of hemolysin work to the detriment of the host.
Based on our observations, we believe that FbsA of S. agalactiae may promote adherence leading to entry of the bacterium into the CNS across the BBB, a prerequisite for the development of meningitis. Our data support a crucial role for the fibrinogen-binding protein FbsA in the ability of S. agalactiae to colonize and infect humans.
